Thermal degradation and chemical degradation are among the key issues affecting mechanical properties and ultimately utilization of natural fibre reinforced polymer (NFRP) bio-composites. In our previous work, mathematical models were used to identify thermal processing boundaries and to recognize an optimized window for NFRP bio-composites. In this study, a correlation relating the tensile strength of flax/PLA bio-composite to the processing temperature history is proposed. For the first time, an existing linear model, which corresponds to the tensile strength of natural polymers and their degree of polymerization, has been combined with reaction kinetics to predict the tensile strength of NFRP biocomposites as a function of processing temperature history. In addition, a non-linear model has been proposed which shows a significant improvement for longer periods of time, compared with the linear model. The model is based on the underlying thermo-chemical degradation processes occurring during manufacture of NFRP bio-composites. The model is capable of predicting the tensile strength of the bio-composite within 10% error.
Introduction
Thermal degradation is one of the main challenges in the manufacture of NFRP biocomposites, when a thermal processing method is used [1, 2] . Unlike carbon and glass fibre composites where the fibre is robust to composite manufacturing temperature, natural fibres degrade quickly when exposed to temperatures as low as 160°C [3] , 180°C [4] , 180-190°C [1] or 180-200°C [5] . Bio-matrices also suffer a similar problem in comparison with synthetic polymers [2, [6] [7] [8] . Compression molding is a common method in which setting an appropriate temperature (e.g. 170-200°C) and consolidation time play an important role in achieving the ultimate mechanical properties of the produced bio-composite. Many studies have manufactured bio-composites at various temperatures (e.g. 160-220°C) and various consolidation times (e.g. 2-20min) and as a result have demonstrated the sensitivity of the mechanical properties to the thermal history during manufacture of NFRP bio-composites [1] [2] [3] [4] [5] [6] [7] . In particular, the effects of chemical reactions (molar mass changes) are responsible for degradation of mechanical properties of both matrix and fibre during the thermal processing [9] [10] [11] [12] [13] . Indicative process conditions from the literature are given in Table 1 , which shows the effect of temperature and other factors on freshly manufactured bio-composites.
An important gap in the literature is in connecting the degradation of mechanical properties of bio-materials to the thermochemical degradation that occurs during manufacture. There are a few works in the literature which have tried to investigate the relationship between mechanical properties and the number-average molecular weight of polymers or fibres [9] [10] [11] [12] [13] .
In 1945, Flory [9] demonstrated a linear relationship between the number average molecular weight and the tensile strength of a blend composed of a mixture of cellulose acetate fractions. In 2014, Rasselet et al. [10] also tried to link the molar mass of oxidised PLA polymer to its mechanical properties. They concluded that the reduction of mechanical properties is linked to molar mass reduction during the oxidation process. In addition, mechanical properties (tenacity) of fibres have been shown to reduce along with decline in molar mass [12] . To fill the gap, this paper considers molar mass degradation or reduction in degree of polymerisation as a critical indicator of the extent of thermochemical degradation making it possible to determine the rate of deterioration of mechanical properties for both matrix and fibre. Data produced from the proposed models can be used in prediction or optimising mechanical properties of bio-composites. For the first time, this study has brought the thermochemical degradation concepts together with the models which have been used for composites to predict the tensile strength of NFRP bio-composites after thermal processing. 
Theoretical Background and considerations
This section reviews degradation and mechanical property models that are appropriate for composite manufacturing and can potentially be used to account for thermochemical degradation of NFRP bio-composites.
Temperature/time dependent mechanical properties
To manufacture composites by compression moulding, the temperature of the hot press should be sufficiently above the melting point of the polymer to lower the matrix viscosity and the time sufficiently long for penetration of the melt into the fibres achieving a strong bond between matrix and fibre [19] . However, mechanical properties of natural fibres and thermoplastic matrices are degraded even at low temperatures and short holding times [19, 20] . In particular, poly (lactic acid) (PLA) suffers from thermal degradation for temperatures that typically occur during the compression moulding process [21] [22] [23] . A number of studies have also indicated that the moulding time has a significant effect on the mechanical properties of compression-moulded PLA-based bio-composites [4, 5, 7, 16, [24] [25] [26] . Thus, in this study the purpose is to determine the tensile strength and modulus of the matrix, fibre and composite as a function of processing temperature history.
Thermo-chemical degradation of matrix (depolymerisation via chain scission)
The temperature of the hot press causes chemical reactions within the matrix material leading to a decrease in the average length of polymer chains tending towards an equilibrium value [21] [22] [23] . A reduction of the degree of polymerization (DP) is a main indicator for polymer thermal degradation at high temperature and is prominent in polymers with acidic end groups such as PLA [27, 28] . Since there is strong correspondence between mechanical properties and polymer length it is appropriate to propose Eqs. (1) and (2) where the mechanical properties are simply a function of the degree of polymerization which itself is a function of the temperature history:
where subscript x is m for matrix in this context, or f for fibre at §2.3, and DP is given by Eq.
where M n-avg is the number-average molar mass of polymers in the matrix and m 0 is the molar mass of a single monomer unit. To estimate M n-avg , a statistical model for the polymer considered both degradation and recombination reactions which occur during the thermal processing as proposed by Wachsen [22] and revised by Yu et al. [23] and Khanlou et al. [8] .
For the thermo-chemical degradation of the PLA matrix [8] ,
where  is the density, k is the effect of temperature on the reaction with subscript c for (re-)combination and subscript d for degradation, and  0 is the total number of moles of molecules per unit volume,
The effect of temperature on (re-)combination and degradation (k xc and k xd in Eq. (4)) is expressed using the Arrhenius equation (Eq. (6)) [19] :
where subscript y is c for (re-)combination or d for degradation, A xy are the pre-exponential factors (s -1 ) and E axy are the apparent activation energies, R is the universal gas constant (8.3136 J/mol K) and T is the temperature (K). It is assumed that the same values of k xc and k xd apply to polymers of any length. Table 2 shows the values for kinetic parameters and initial conditions for modelling polymer degradation of PLA, which are calculated or extracted from the literature [8, 21] ; and Fig. 1 shows changes of DP of PLA at various temperatures and times.
To calculate λ 0 for isothermal processing conditions, an analytical solution, Eq. (6), was developed by separating the variables [8] :
where C is defined by the initial condition for  0 as:
where  1 is the total number of moles of monomer units per unit volume: 
Thermo-chemical degradation of natural fibres (degree of polymerization of natural fibres)
Natural fibre cellulosic chains also show scission behaviour when they are exposed to a high temperature, in a similar way to polymeric matrices. Gassan et al. correlated the tenacity (mechanical) properties of jute and flax fibres at various temperatures to DP [12] . Now assuming the fibre modulus and strength are each a function of DP, we can use Eqs. (1), (2) and (3) with subscript x= f (fibre).
A parameter N related to the molecule concentration (N1-(1/DP)) can be predicted using a first-order chemical rate equation as shown by Testa et al. [29] to estimate the chain scission of cellulosic materials. Their model corresponds to the random chain scission of bonds in a linear chain polymer: 
In a study by Gassan et al. [12] , DP was measured after heating flax fibre for different periods of time for three different temperatures as listed in Table 1 . The initial value given for DP 0 was 1505. For the present study, a least-squares fitting procedure was used to determine the pre-exponential factor (A = -0.178 s -1 ) and the apparent activation energy (E a = 50.5×10 3 J/mol) to fit Eqs. (3), (6) and (10) to the data given in Table 3 [19] . Fig. 2 shows changes of DP progress of flax at various temperatures and times. 
Rule of mixture for mechanical properties prediction
The prediction of composite material properties normally uses a rule-of-mixture (RoM) to estimate the moduli and axial strength. It is a parallel spring model based on the assumption that fibres and matrix will experience equal strain under loading in the fibre direction. It is assumed that the fibres can be anisotropic with different mechanical properties in the axial and transverse (radial) directions, while the matrix is isotropic [30] . Eqs. (12) and (13) [30] have recently been developed specifically for NFRP bio-composites:
(for UD composites on the principal axis) (13) where E is the elastic modulus (using Eq. (1) here), V is the volume fraction, κ is a fibre area correction factor (FACF) (used when properties have been derived using an assumption of circular cross-sectional area (CSA) but fibres do not have circular CSA, η d is the fibre diameter distribution factor, η l is the fibre length distribution factor, η o is the fibre orientation distribution factor, σ is the strength (using Eq. (2) here), σ * m is the stress in the matrix at the failure strain of the fibre and subscripts c, f, m, are composite, fibre and matrix, respectively. Eqs. (12) and (13) predict that the composite properties will increase with increasing fibre volume fraction/percentage (v/o) [25, [31] [32] [33] . The fibres play an important role as carriers of load and stress, for example, stiffness and strength [34] [35] [36] [37] .
Mechanical properties in relation to degree of polymerization
The objective here is to consider the connection between the chemical degradation and tensile properties of bio-composites. Thus, as discussed above, we found that mechanical properties are dependent on DP, and in particular it has been reported that tensile strength is in a linear relationship with 1/DP [9] : where a 0 and a 1 are constants which can be determined empirically from experimental data.
Experiment
Ultimately we are interested to predict tensile properties of a flax/PLA bio-composite manufactured using the compression moulding process. For this purpose, the similar methods of manufacturing and mechanical properties examinations to our previous work were carried out [19] . Unidirectional (UD) flaxply fabric (180 g/m² flax) manufactured by Lineo Company (France) was used in this study. PLA film (25 microns thick) was supplied by Magical Film Enterprises Co. Ltd. (Taiwan) [19] .
Polymer molecular weight and polydispersity were measured using gel permeation chromatography (GPC) on a Shimadzu 20A system equipped with refractive index detector (RID-10A). Analysis was performed at 35°C using a Styragel HT 4 column (7.8 x 300 mm) obtained from Waters, Co (Miliford, MA) in isocractic conditions using tetrahydrofuran (THF) as solvent with a flow rate of 1.0 ml/min.
To find the sensitivity of mechanical properties of the bio-composite to various processing conditions, mechanical properties of a flax/PLA bio-composite were measured for different temperatures and processing times. Six consolidation times were considered with 16 samples tested for each consolidation time. Fig.3 shows the tensile properties of flax/PLA composite at the six consolidation times. The moduli can be seen to be sensibly independent of consolidation time (in the range from 28.2 to 29.9 GPa based on the initial slope of the stressstrain curve), but the tensile strength and fracture strain reduce significantly as the consolidation time increases (from 276 to 155 MPa and 2 to 1.2 % respectively). 
Modelling and prediction of the tensile properties of PLA
Since the changes of tensile modulus are insignificant, we have considered Eq. (1) to be independent of the temperature history. To predict tensile strength of PLA Eq. (14) has been applied as: 
To find a 0-matrix and a 1-matrix , the tensile strength is plotted against 1/ DP graph ( Fig. 4 ) resulting in a 0-matrix = 67 MPa, and a 1-matrix = 1.810 4 MPa. In Fig. 4 , tensile strengths of PLA were achieved through experiments in this study and 1/DP values of the reported temperatures/times are calculated using Eq. (3). Moreover, the initial trend of tensile changes of PLA (Fig. 4) is similar to the linear changes reported by Flory [9] . A better fit to the measured data could be obtained using an equation in the form: Fig. 4 . Tensile strength vs 1/ DP for PLA at various temperatures and times. DP for PLA was measured using gel permeation chromatography (GPC).
Calculation and prediction of the tensile strength of fibres
To find a 0-fibre and a 1-fibre for Eq. (17), we need to calculate the tensile strength of fibre using a RoM (Eq. 13), when parameters are: κ=1. 35 (which is half of apparent diameter) [38] , V f =0.48 , V m =0.52, experimental tensile strengths of the bio-composite, DP of matrix, DP of fibre, and calculated tensile strengths of matrix at various conditions, which are presented in Table 4 . In Fig. 5, 1 / DP values for the fibre at various temperatures/times are calculated using Eqs. (3), (6) and (15) . Subsequently, the tensile strengths of fibre using the linear model and proposed model are achieved (see Table 4 ). As a result, a 0-fibre = 560 MPa and a 1-fibre = -2.110 5 MPa are achieved using the linear model. 
Similar to PLA, the data could be better correlated using: Fig. 5 . Tensile strength vs 1/ DP for flax fibre at various temperatures and times. DP for flax was not measured but rather was calculated using data from Ref. [12] using Eqs. (3, 6, 11) and (15) with the measured temperature history. 
Proposed model to predict the tensile strength of NFRP bio-composites
The linear relationship proposed by Flory [9] (Eq. 14) is unrealistic for longer periods of time. As shown in Fig. 6 , the trend of his model reaches to zero or negative values of the tensile strength after 180 minutes. To overcome this shortcoming, a new model is proposed here (Eqs. (16) and (18)) to predict the tensile strength for longer periods and ensure that the trend never goes below zero. The proposed model was used to predict the tensile strength of matrix and fibre (shown in Fig. 4 and 5 as 'proposed model', Eqs. (16) and (18)); subsequently it was used to predict the tensile strength of the flax/PLA bio-composite. The model results are also in agreement with our previous measurements [19] (for a different batch of materials) also shown in Fig. 6 . 
Conclusions
In this paper we introduced a link between the chemical degradation of NFRP bio-composite during thermal processing and their mechanical properties. To achieve this goal the following processes were taken into account:
i. Mechanical properties of the bio-composite can be calculated by estimating their relationship with the changes of DP over the temperature and time. This relationship has separately been proposed for both matrix and fibre.
ii. The modulus of elasticity for both the flax fibre and for PLA may be assumed to be independent of the thermal processing.
iii. A linear relationship between strength and 1/DP, as proposed in the literature, was used to calculate the tensile strength of matrix and fibre, and for first time used to predict the mechanical properties of NFRP bio-composites.
iv. To predict the tensile strength of NFRP bio-composite, the linear model was neither reliable nor practical for extended periods of time; subsequently a new exponential model was proposed which is realistic and within 10% of errors. Thus, tensile strength of PLA can be predicted as a function of its temperature history during processing using Eqs. (4-6) and (16) and the fibre using Eqs. (3, 6, 10) and (18) .
